Small-molecule competitors of protein-protein interactions are urgently needed for functional analysis of large-scale genomics and proteomics data. Particularly abundant, yet so far undruggable, targets include domains specialized in recognizing proline-rich segments, including Src-homology 3 (SH3), WW, GYF, and Drosophila enabled (Ena)/vasodilator-stimulated phosphoprotein (VASP) homology 1 (EVH1) domains. Here, we present a modular strategy to obtain an extendable toolkit of chemical fragments (ProMs) designed to replace pairs of conserved prolines in recognition motifs. As proofof-principle, we developed a small, selective, peptidomimetic inhibitor of Ena/VASP EVH1 domain interactions. Highly invasive MDA MB 231 breast-cancer cells treated with this ligand showed displacement of VASP from focal adhesions, as well as from the front of lamellipodia, and strongly reduced cell invasion. General applicability of our strategy is illustrated by the design of an ErbB4-derived ligand containing two ProM-1 fragments, targeting the yes-associated protein 1 (YAP1)-WW domain with a fivefold higher affinity.
Small-molecule competitors of protein-protein interactions are urgently needed for functional analysis of large-scale genomics and proteomics data. Particularly abundant, yet so far undruggable, targets include domains specialized in recognizing proline-rich segments, including Src-homology 3 (SH3), WW, GYF, and Drosophila enabled (Ena)/vasodilator-stimulated phosphoprotein (VASP) homology 1 (EVH1) domains. Here, we present a modular strategy to obtain an extendable toolkit of chemical fragments (ProMs) designed to replace pairs of conserved prolines in recognition motifs. As proofof-principle, we developed a small, selective, peptidomimetic inhibitor of Ena/VASP EVH1 domain interactions. Highly invasive MDA MB 231 breast-cancer cells treated with this ligand showed displacement of VASP from focal adhesions, as well as from the front of lamellipodia, and strongly reduced cell invasion. General applicability of our strategy is illustrated by the design of an ErbB4-derived ligand containing two ProM-1 fragments, targeting the yes-associated protein 1 (YAP1)-WW domain with a fivefold higher affinity.
Ena | VASP | protein-protein interaction | actin cytoskeleton | cell migration P roline-rich segments (PRSs) belong to the most abundant sequence motifs of the proteome (1), interacting frequently with PRS-recognizing domains (PRDs), such as EVH1, SH3, GYF, and WW. Although exhibiting different tertiary structures, PRDs expose clusters of aromatic residues, forming a shallow, corrugated binding groove with a hydrogen bond-donating residue (W, Y) in the central position. In the bound state, PRSs often show a conformation closely related to the ideal lefthanded polyproline II (PPII) helix characterized by backbone angles of Φ = −78°and Ψ = +146° (2) . As a consequence of the axial symmetry of PPII helices, two different types of consensus motifs occur: one containing PxxP specifically recognized by the EVH1 and SH3 domains, the other comprising xPPx, typical for motifs binding at WW and GYF domains. The conserved prolines represent the core of the consensus motifs and interact intimately with the exposed aromatic side chains. They cannot be replaced by any other natural amino acid without complete loss of affinity (2, 3) . On the other hand, the core motif alone binds only very weakly to its PRD. Further interactions of flanking residues located outside the core motif contribute substantially to both affinity and specificity. Incorporation of nonnatural amino acids in place of such specificity-determining residues is therefore often beneficial for binding (4) (5) (6) (7) (8) (9) . However, peptide ligands display a number of disadvantages when used as competitors, among them metabolic instability and often low cell permeability. Cellpermeable small molecules that grant the ability to modulate the function of PRDs are still not available.
Here, we present a modular concept for the systematic development of such low-molecular weight compounds. It is based on molecular building blocks that can replace the conserved prolines within the core motif without any loss of affinity. Combinations of such building blocks allow complete replacement of the proline-rich core motifs. They may be supplemented with organic scaffolds addressing the flanking epitopes to obtain peptidomimetic inhibitors of PRDs, highly desirable for functional analysis of PRSmediated protein-protein interactions.
As proof of concept, we developed a peptidomimetic inhibitor targeting the enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) family Ena/VASP homology 1 (EVH1) domains. This protein family is involved in modulation of the actin cytoskeleton, a complex and highly regulated process, which is the driving force of directed cell migration (10, 11) and plays important roles in disease-relevant processes like tumor metastasis (12, 13) . The Ena/VASP family proteins [i.e., VASP, enabled homolog (EnaH), and Ena-VASP-like (EVL) (14) (15) (16) ] are notably localized at focal adhesions and lamellipodia. Single Ena/VASP protein deletions are mostly compensated for the other members of the family (17); however, triple knock-out mice are embryonic lethal (18, 19) . The proteins comprise EVH1 and Ena/VASP homology 2 (EVH2) domains, separated by a proline-rich region. Although EVH2 binds to the barbed ends of actin filaments, EVH1 interacts with proteins, like zyxin or lamellipodin (Lpd also called RAPH1), that contain the class 1 EVH1 consensus motif [FYWL]P.ϕP (ϕ is an aliphatic amino acid) (2, (20) (21) (22) . Using our peptidomimetic inhibitor, we show that inhibition of the Ena/VASP Significance Protein-protein interactions mediated by proline-rich motifs are involved in regulation of many important signaling cascades. Protein domains specialized in recognition of these motifs expose a flat and relatively rigid binding site that preferentially interacts with sequences adopting a left-handed polyproline helix II. Here, we present a toolkit of new chemical entities that enables rational construction of selective small-molecule inhibitors for these protein domains. As proof of principle, we developed a selective, cell-permeable inhibitor of Drosophila enabled (Ena)/vasodilator-stimulated phosphoprotein (VASP) homology 1 (EVH1) domains of the Ena/VASP protein family. Invasive breastcancer cells treated with our EVH1 inhibitor showed strongly reduced cell invasion.
family EVH1 domains strongly influences both cellular localization of VASP as well as cell migration.
Results
Design and Synthesis of ProM Building Blocks. We designed a novel class of conformationally restricted small-molecule fragments that should result in nonhydrolyzable yet cell-permeable, peptidomimetic small-molecule interaction inhibitors of PRDs. These molecules, coined ProM-1, ProM-2, ProM-3, and ProM-4, maintain a carbonyl functionality within a rigidified, nonaromatic scaffold and were aimed to substitute the strictly conserved prolines within PRS consensus motifs. In this small but extendable toolkit of fragments, the scaffolds ProM-1 and ProM-2 replace a diproline motif in PPII conformation whereas ProM-3 and ProM-4 substitute for an xP motif (Fig. 1A) . Their frameworks show subtle conformational differences to satisfy individual steric requirements for a particular binding site. Similar to the foldamer concept (23) , appropriate combinations of ProMs allow optimal complementarity of hydrophobic interactions between the domain surface and the ligand to be achieved. In a previously published pilot study, we showed that ProM-1 was able to replace a diproline motif in a peptide recognized by Fyn-SH3 whereas the respective, complete PxxP recognition motif could not be replaced using a combination of this building block (24) .
The new fragments were stereoselectively synthesized in Fmocprotected form ( Fig. 1B ; see SI Appendix for characterization of ProMs). The modular strategy relies on the coupling of building blocks B1 to B4 with enantiopure cis-or trans-tert-butyl 5-vinylprolinate (c/t5VP) (25) , cyclization of the resulting dipeptides (DP1 to DP4) through Ru-catalyzed ring closing metathesis (26) , and final replacement of the Boc-protecting group by Fmoc (Fig. 1B) .
The preparation of the required building blocks was achieved on a multigram scale by exploiting, as a key step, either the Cu-catalyzed 1,4-addition of vinyl-MgBr to a cyclic dehydro-amino acid derivative (A1 and A4, respectively) (27) , diastereoselective vinylation (formylation/ methylenation) of the protected proline A2 (28), or the enantioselective Claisen rearrangement of the glycine derivative A3 (29) . The Fmoc-protected ProMs can subsequently be used for ligand synthesis, exploiting established protocols for peptide coupling.
Development of an Ena/VASP EVH1 Inhibitor. Starting from peptide 1-derived from a segment of the surface protein ActA of Listeria monocytogenes that captures Ena/VASP proteins of the host cell via their EVH1 domains-we replaced stepwise its conserved sequence motif FPPPP ( Fig. 2A) . In the course of this work, dissociation constants were determined by both isothermal titration calorimetry (ITC) and fluorescence titration (FT). Computational inspection of the binding site suggested introduction of a hydrophobic substituent at the ortho position of the phenylalanine ring within the core motif. The largest gain in affinity of all tested unnatural amino acids was observed for 2-chloro-L-phenylalanine (2-Cl-F) ( Fig. 2A and SI Appendix, Fig. S11 and Table  S2 ). Replacement of the second pair of prolines within the FPPPP motif in 1 by ProM-1 or ProM-3 indicated preference for ProM-1, with its five-membered ring next to R1 (K d = 0.8 μM) ( Fig. 1A and SI Appendix, Tables S3 and S4 ). Additional replacement of the first pair of prolines by ProM-2, which was found to satisfy the specific steric requirements at this interaction site, yielded compound 2, with the highest affinity to Ena/VASP EVH1 domains (K d ranging from 0.2 to 0.6 μM) ( Table 1) . Reduction of 2 to the core motif led to the ligand Ac-
Analogous to the testing of ProM-3 described above, and again guided by structural considerations (acknowledging the fact that any aliphatic hydrophobic amino acid may be accommodated at the third proline position of the motif), we also tested ProM-4 ( Fig. 1A) , which contains a six-membered ring next to R1, as a replacement of the last two prolines. However, the compound containing ProM-4 was slightly less effective ( Fig. 2A and SI Appendix, Table S5 ). Thus, the final 678-Da compound 4a represents the best low-molecular weight inhibitor targeting all three Ena/VASP EVH1 domains addressed in this study. A substantial increase in affinity of at least 180-fold (EVL-and EnaH-EVH1) and 280-fold (VASP-EVH1) compared with the parent recognition sequence Ac-FPPPP-OH (3) was observed, caused by the introduction of only five additional heavy atoms (Table 1) . Although the high affinity of our ligands substantially benefits from the chloro-substitution of F, the almost negligible affinity of the shortened ligand Ac-[2-Cl-F]-[ProM-2]-NH 2 in comparison with 4a indicates the importance of retaining a certain ligand length covering the full FPPPP motif (Fig. 2 and SI Appendix, Table S5 ).
Esterification of 4a Yields Cell-Permeable Compound 4b. Sufficient cell permeabilities of the compounds are necessary to study their cellular activities. We found that the N-terminal 7-nitro-2,1,3-benzoxa-diazol-4-yl-labeled (NBD-) compounds 2 and 4a were not able to penetrate the cell membrane. Assuming that the free carboxylic acid functions of NBD-2 (total charge −4) and NBD-4a (total charge −1) are responsible for poor membrane permeability, we synthesized the corresponding NBD-labeled ethyl ester NBD-4b, whose cellular uptake was indicated by a significant increase in cytosolic fluorescence ( Fig. 2C and SI Appendix, Ligand 4a Selectively Inhibits Ena/VASP EVH1 Domains. Investigations concerning the selectivity of our ligands against different PRDs made us aware of the fact that the consensus motif of Ena/VASP EVH1 domains exhibits no overlap with those of other PRDs, apart from the occurrence of prolines (30) . Therefore, we expected low cross-reactivity. Experimentally, we probed a possible crossinhibition of other PRDs by NMR and ITC. In particular, the EVH1 class 2 domain of Homer1, which is most closely related to the Ena/VASP EVH1 class 1 domains, and the YAP1-WW, Fyn-SH3, and CD2BP2-GYF domains, as members of different PRD classes and containing the most similar PRSs, were analyzed ( Table 2) . Binding studies via ITC and Table S8 ). On the other hand, our ProM-toolkit was, so far, not suitable to substitute proline-rich motifs in peptides recognized by Homer1 EVH1 and CD2BP2-GYF (Table 2 and SI Appendix, Table S8 ). In this case, modeling studies based on available structures uncovered steric hindrances caused by the vinylidene bridges in the canonical binding mode.
X-Ray Structure of 4a in Complex with EnaH-EVH1 Verifies the
Canonical Binding Mode. X-ray analysis of the EnaH-EVH1 domain in complex with compound 4a (resolution 1.7 Å) ( Fig. 2B and SI Appendix, Table S9 and Figs. S12-S16) confirmed the canonical binding mode (31) , with the pyrrolidine rings of the two ProMs situated in the ligand-binding groove following the axis of the PPII helix. As expected, the complex is stabilized by two hydrogen bonds between (i) the oxygen of the carbonyl group bridging ProM-2 and ProM-1 and the Ne-H of Trp23 and (ii) the carbonyl oxygen of the seven-membered ring of ProM-2 and an Ne-H of Gln79. Furthermore, a third hydrogen bond is observed between the carbonyl oxygen of the N-terminal acetyl group and the Nɳ-H of Arg81. Moreover, the vinylidene bridge of the ProM-1 fragment interacts with Phe77. The 2-Cl-F moiety resides in the hydrophobic pocket surrounded by residues Lys69, Asn71, Gln79, Arg81, and Val86. The chlorine atom fills the additional space in the pocket between Gln79, Arg81, and Val86, thereby substantially improving binding efficiency (Fig. 2B) . NMR studies of VASP-and EVL-EVH1 domains and 4a confirmed similar binding modes (SI Appendix, Figs. S17-S20) for both interactions.
Ligands 2 and 4a Inhibit EVH1-Mediated Protein-Protein Interactions
in Vitro. The potential of compounds 2 and 4a to interfere with binding and localization of two well-known Ena/VASP EVH1 interaction partners-zyxin and Lpd-was investigated using the highly invasive breast-cancer cell line MDA MB 231 and the slowmigrating colorectal cancer cell line HCT 116, respectively. Zyxin is abundant in focal adhesions of both cell lines whereas Lpd localizes mainly at the leading edge of MDA MB 231 but could not be detected in HCT 116 cells. Lpd targets VASP via its proline-rich motifs to the lamellipodial tips, causing faster migration (32) .
Western blot analysis of pull-down experiments with immobilized glutathione-(S)-transferase (GST)-tagged EnaH-EVH1 or
VASP-EVH1 applied to the cell lysates revealed zyxin in both cell lines as an EVH1 interaction partner whereas interactions with Lpd were detected only in MDA MB 231 cells ( Fig. 3 and SI Appendix, Fig. S32 ). Both compounds displaced zyxin and Lpd from the GST-fusion proteins in a concentration-dependent manner and corresponding to their respective K d values. Despite the high level of homology among the Ena/VASP family EVH1 domains, the EnaH and VASP constructs, but not the GST-EVL-EVH1 construct, pulled zyxin and Lpd, although at different amounts. Restricted accessibility of ligand-binding sites in the immobilized domains, the recruitment of other proteins, or additional contributions by flanking epitopes of the FPPPP motifs likely explain this behavior.
Inhibition of EVH1 Domains by 4b Reduces the Number of Stress
Fibers and Inhibits Cell Invasion. To test cellular effects, we examined the response of both cell lines toward 4b. Untreated HCT 116 cells showed distinctive F-actin in the form of stress fibers. Treatment with 4b altered cell morphology: i.e., the number of cells exposing stress fibers was reduced by 50% (Fig.  4A , Left), and VASP is delocalized from focal adhesions, which are indicated by zyxin localization (Fig. 4A, Right) .
Immunofluorescence staining of MDA MB 231 cells showed zyxin in focal adhesions and Lpd at the leading edge (Fig. 4B,  columns 1 and 3, respectively) . In both cases, these proteins colocalized with VASP (Fig. 4B, Bottom, columns 1 and 3 ). After treatment with 4b, we detected a strongly reduced presence of VASP at both focal adhesions and at the leading edge (Fig. 4B , columns 2 and 4) whereas localization of zyxin and Lpd remained unaltered (Fig. 4B , Top, columns 2 and 4). MDA MB 231 cells treated with 4b showed a remarkable two-thirds reduction of cell invasion, indicating the importance of EVH1 domain-dependent localization of VASP for this purpose (Fig. 4C) . Due to the lack of Lpd in HCT 116, we only investigated interference of 4b with the formation of focal adhesion complexes in this cell line. Consensus motifs of the domains are in italics. Prolines replaced by the ProM-fragments are in bold. N.D., not detectable. 
Discussion
We synthesized a toolkit of four building blocks (ProM-1 to ProM-4) designed to replace the conserved PxxP and xPPx recognition motifs involved in PRS-mediated protein-protein interactions. As proof of concept, we developed a peptidomimetic, low-molecular weight inhibitor of the Ena/VASP family EVH1 domains that exhibits a fivefold higher affinity than the much larger ActAderived peptide 1. In comparison with the isolated recognition sequence Ac-FPPPP-OH (3), the affinity is increased at least by a factor of 180 ( Fig. 2 and Table 1 ). Remarkably, this dramatic effect is caused by introduction of only five additional heavy atoms. The progress achieved becomes apparent by comparing ligand efficiencies (LE = ΔG°/number of heavy atoms) (33) of compounds 1, 2, and 4a. The gain of LE from 1 (-0.2 kJ·mol
) represents a considerable success because the average LE of drug candidates targeting protein-protein interfaces is about -1.0 kJ·mol −1 (34). The X-ray structure of the EnaH-EVH1 domain in complex with 4a indicates that ProMs mimic a PPII helix in the bound state, with the pyrrolidine rings of the ProMs perfectly matching the position of the conserved core motif prolines. The structural feature enhancing binding of 4a to Ena/VASP EVH1 domains is the vinylidene bridge in the tricyclic system that, together with the specific flanking residue, also boosts specificity. Selectivity of 4a is supported by improved PPII helix recognition in conjunction with optimized binding of flanking epitopes. Although the pure PPII helix recognition motif alone contributes little to affinity, it strongly affects the recognition, as indicated by the strong decrease in affinity detected for Ac-[2-Cl-F]-[ProM-2]-NH 2 ( Fig. 2A) .
Western blot analysis of Ena/VASP EVH1 pull-down experiments showed that 4a is able to compete in a concentration-dependent manner with the focal adhesion protein zyxin, as well as with Lpd, a protein involved in directed cell migration and located at the front of lamellipodia. Although compound 4a is poorly cellpermeable, the ester derivative 4b can enter into cells, thereby allowing examination of its effect on cytoskeleton remodeling in cellular assays. Immunofluorescence staining of 4b-treated colorectal cancer cells HCT 116 exhibits reduction of stress fibers and delocalization of VASP from focal adhesions. Keeping in mind that our ligands inhibit all three Ena/VASP family EVH1 domains, this result is supported by Furman et al. (18) , who showed that the number of stress fibers is strongly reduced in primary endothelial mouse cells in which all three Ena/VASP proteins are knocked out. Cells treated with 4b showed zyxin-rich spots indicating focal adhesions, but a strongly reduced presence of VASP in these locations. These findings correlate with the observation that cells with zyxin mutants lacking the FPPPP motif do not show colocalization of VASP (21) , indicating that the loss of an Ena/VASP EVH1-mediated protein-protein interaction is responsible for reduction of stress fibers. Treatment of highly invasive MDA MB 231 breast-cancer cells with 4b causes delocalization of VASP from the leading edge and from focal adhesions, thereby reducing strongly their ability for invasion. Hence, we suggest that EVH1-mediated protein-protein interactions play an important role in regulation of the dynamic remodeling of the actin cytoskeleton. Compounds 4a and its prodrug 4b represent a successful proof of concept. To our knowledge, they are the first low-molecular weight inhibitors of Ena/VASP EVH1 domains. Compound 4b thereby represents a novel chemical probe that allows examination into the complex role of this protein family in the regulation of cytoskeletal remodeling events.
Our ProM toolkit enables construction of specific inhibitors for both PxxP and xPPx recognizing domains as shown here for Ena/ VASP EVH1 and YAP1-WW domains, respectively. Our results suggest the importance of flanking motifs outside the conserved prolines for specificity and affinity. Furthermore, the toolkit of ProM modules facilitates the fitting of the designed ligands in an optimal manner to the binding cavities. In the case of the YAP1-WW ligand, we identified a [ProM-1] 2 module as the optimal replacement of the conserved xPPx motif whereas, for the Ena/VASP EVH1 domains, a [ProM-2]-[ProM-1] motif was better suited. The sensitivity of the different ProMs toward small differences between the prolinebinding sites represents an opportunity for the design of specific ligands. A gain of affinity by enhanced flanking epitope binding together with deselection against similar but nevertheless structurally distinct binding sites are the two critical factors that are likely to be exploited by our iterative approach of design, synthesis, and structure elucidation. The new inhibitors open new routes for pharmacological interference by directly modulating regulatory PRS-mediated protein-protein interactions in a specific manner.
Methods
Binding Studies. Dissociation constants were determined via FT and ITC. All experiments were done at 25°C in 40 mM sodium phosphate, pH 7.3, 100 mM sodium chloride. For the Ena/VASP-EVH1 domains, the buffer additionally contained 1 mM DTT or 2 mM tris(2-carboxyethyl)phosphine (TCEP).
Crystallization. To freshly purified and concentrated protein, a 3:1 molar excess of ligand was added, and the solution was diluted with gel-filtration buffer to 15 mg/mL and incubated at 4°C overnight. Crystals were grown by the sitting-drop vapor-diffusion method using 300 nL of protein mixture with an equal volume of well solution (2.2 M ammonium sulfate, 200 mM ammonium bromide) at 20°C.
Pull-Down Assay. Pull-down experiments were performed by GST-tagged EnaH-EVH1, VASP-EVH1, and Evl-EVH1 immobilized on glutathione Sepharose 4B beads (GE) using lysates with a total protein concentration of 2.3 mg for HCT 116 and 1.5 mg for MDA MB 231, measured via ultraviolet/visible (UV/VIS) spectroscopy (1 Abs./mg, NanoDrop 1000; Thermo Scientific). Zyxin displacement was performed by adding different concentrations of compound 2 or 4a to the lysate incubating overnight on beads at 4°C. As a control, GST alone was immobilized to the beads and treated with lysate. The Western blot with target-specific antibody against zyxin [goat anti-zyxin pAb (1:1,000) ; scbt], Lpd [rabbit anti-Lpd pAb (1:1,000); scbt], and fluorescence of secondary antibody (IRDye 800; Licor) was measured on an infrared scanner (ODYSSEY; Licor). Loading controls are 1:20 dilutions in SDS/PAGE with Coomassie stain.
Migration Assay. The BD Matrigel invasion chamber 24-well plate (8.0 μm) cellmigration assay (BD Biosciences, Inc.) was performed as described in the manufacturer's guide. The experiments were done in triplicate with 50,000 cells (MDA MB 231) per well in (i) 10% (vol/vol) fetal serum bovine (FBS) gradient and (ii) 10% (vol/vol) FBS without a gradient. After 14 h of incubation with 100 μM compound 4b-or 0.5% DMSO as a control-cells were fixed with p-formaldehyde and stained with crystal violet. The used microscope (Eclipse TS100; Nikon) had a 10/0.25 (air) objective (Nikon), and images were detected with a digital sight camera (Nikon). Five random fields per well were taken, and cells were counted with ImageJ (imagej.nih.gov/ij/; NIH).
All other methods and materials are described in SI Appendix.
